Various inhibitors of metallo-␤-lactamases have been reported; however, none are effective for all subgroups. Those that have been found to inhibit the enzymes of subclass B2 (catalytically active with one zinc) either contain a thiol (and show less inhibition towards this subgroup than towards the dizinc members of B1 and B3) or are inactivators behaving as substrates for the dizinc family members. The present work reveals that certain pyridine carboxylates are competitive inhibitors of CphA, a subclass B2 enzyme. X-ray crystallographic analyses demonstrate that pyridine-2,4-dicarboxylic acid chelates the zinc ion in a bidentate manner within the active site. Salts of these compounds are already available and undergoing biomedical testing for various nonrelated purposes. Pyridine carboxylates appear to be useful templates for the development of morecomplex, selective, nontoxic inhibitors of subclass B2 metallo-␤-lactamases.
␤-Lactam antibiotics have long been used to fight bacterial infections in medicine and agriculture. Bacteria have evolved to hydrolyze ␤-lactams, thus rendering them ineffective by the production of ␤-lactamases (16, 19, 31) . Metallo-␤-lactamases (MBLs) constitute one of four classes of ␤-lactamases, namely, class B. However, unlike the other classes (A, C, and D), which all contain a nucleophilic serine residue in their active site, the MBLs utilize zinc to enable hydrolysis (1, 4, 6) of all the ␤-lactam antibiotics (with the exception of monobactams) (31) . There are three subclasses of MBLs, B1, B2, and B3, which differ in their zinc dependency (17) . Subclass B1 enzymes (such as BcII of Bacillus cereus, IMP-1, VIM-2, and VIM-4) can employ one or two zinc ions at their active site for full activity, and subclass B3 enzymes (L1 enzyme produced by Stenotrophomonas maltophilia and FEZ-1 of Legionella gormanii) contain two zinc ions (35, 36) , but while subclass B2 enzymes (such as CphA from Aeromonas hydrophila) are active with one zinc ion, they are inhibited upon binding of a second zinc ion (22) .
The heterogeneity of the ␤-lactamases has proved problematic in the search for a generic inhibitor. All the clinically used inhibitors are effective only against the active-site serine ␤-lactamases as they are hydrolyzed by MBLs. Various inhibitors of MBLs have been reported; in general, their side chains bind in a predominantly hydrophobic pocket while their functional groups interact with both zinc ions, e.g., in the case of thiol inhibitors, the sulfur displaces the hydroxide ion that bridges the two zinc ions (21, 34, 40) . The search for inhibitors has understandably focused on the plasmid-encoded IMP and VIM variant MBLs (26, 29, 39) . However, with respect to subclass B2 enzymes, the reported inhibitors either have exhibited a lower efficiency than that shown towards the other subgroups (21, 34) or were products of substrate hydrolysis acting as irreversible inactivators (44) .
Subclass B2, which contains CphA from Aeromonas hydrophila, is characterized by a narrow specificity profile (limited to the efficient hydrolysis of carbapenems) and a noncompetitive inhibition by a second zinc ion binding to a low-affinity site (22, 24) . We are interested in identifying MBL inhibitor templates that can be developed into broad-spectrum inhibitors of the MBLs. Pyridine dicarboxylates are known to be inhibitors of monometallic enzymes (25) . Here, we reveal that CphA is competitively inhibited by 2-picolinic acid and one of its derivatives, pyridine-2,4-dicarboxylic acid (2,4-PDCA). The crystal structure of the latter in complex with CphA-Zn(II) is described. The activities of these inhibitors were also tested against those of other enzymes, including the CphA N116H-N220G mutant, an enzyme with a broader specificity than wild-type CphA and without a significant loss of activity upon binding of a second zinc, making it similar to subclass B1 enzymes (2).
FEZ-1 enzymes were used at fixed concentrations between 0.03 and 0.7 nM. The enzyme and inhibitor (100 M) were preincubated for 30 min at room temperature before the substrate (100 M) was added. The activity was tested using the initial rate of three samples and given as a mean percentage of the rate without inhibitor present. The inhibitors were prepared as 10 mM stock solutions in DMSO before dilution with 20 mM HEPES buffer, pH 7.0, containing 20 g/ml BSA (and 100 M ZnCl 2 where indicated). It was verified that the concentrations of DMSO present had no inhibitory effects and that the rate remained the same upon the addition of 1% DMSO.
Determination of the inhibition constant. More-detailed kinetics were performed with 2-picolinic acid and 2,4-PDCA, which showed significant inhibition for the CphA MBL. The buffer and enzyme concentrations were the same as those used in the screening. Substrate concentrations varied between 20 and 200 M at three inhibitor concentrations and in the absence of inhibitor. Cells of 2-mm or 10-mm path length were used depending on the substrate concentration. Preincubation was found to be unnecessary, and the experiments were performed at 30°C in thermostatically controlled cells. The initial rate conditions were used to study the inhibition with imipenem by using the Hanes linearization of the Henri-Michaelis equation and the KaleidaGraph 3.5 program. The competitive inhibition constant, K i , was then calculated using the following equation (9): Crystallization and data collection. Crystallization of the wild-type CphA was performed as described previously (18) . In brief, crystals were grown at 8°C using the hanging drop method. The reservoir solution contained 30% (wt/vol) polyethylene glycol 8000, 0.6 M ammonium sulfate, and 100 mM Na-citrate, pH 6.5. The drops were obtained by mixing 2 l of protein solution (ϳ10 mg/ml) with an equal volume of reservoir solution. The CphA-Zn(II)-2,4-PDCA complex was obtained by adding an excess of 2,4-PDCA powder directly to a drop containing CphA crystals.
Before data collection, crystals were transferred to a cryoprotectant solution (reservoir solution containing 20% [vol/vol] glycerol) and then mounted rapidly in loops and flash-cooled. X-ray data were collected in-house using a Nonius FR591 rotating anode X-ray generator coupled to a Mar Research Imagine Plate detector. Data were processed using CCP4 programs (Table 1 ) (7).
Structure determination and refinement. Initial phases for the CphA-Zn(II)-2,4-PDCA complex structure were generated by molecular replacement, using the structure of the wild-type CphA as a starting model (Protein Data Bank accession code 1X8G). Refinement and model building were carried out using O (27) and REFMAC (CCP4) (7) . The calculation of the first (F o Ϫ F c ) electron density map clearly showed the presence of the inhibitor molecule in the active site. 2,4-PDCA was modeled in the map after most of the protein main chain and side chain atoms and most of the water molecules were built and refined. Conformational torsion-angle restraints and charge assignments for the 2,4-PDCA molecule were obtained using CCP4i Libcheck. Refinement statistics are shown in Table 1 .
Protein structure accession number. Coordinates and structure factors have been deposited in the Protein Data Bank (3) with accession code 2GKL.
RESULTS AND DISCUSSION

Inhibitory activities of picolinic acid and its derivatives.
Since pyridine dicarboxylates are known inhibitors of monometallic enzymes (25), they were investigated as MBL inhibitors. Initially, 2-picolinic acid and five pyridine dicarboxylic acid derivatives with 2,3, 2,4, 2,5 2,6, and 3,4 substitution patterns ( Fig. 1) , each with two carboxylate groups at different positions on the ring, were screened for inhibitory activity against the subclass B1 enzymes IMP-1, BcII, VIM-2, and VIM-4, the subclass B2 enzyme CphA, and the subclass B3 enzymes L1 and FEZ-1. The residual activities are shown in 
. R free was calculated based on 5% of the total data omitted during structure refinement.
d Six molecules of glycerol per three CphA molecules.
VOL. 51, 2007 COMPETITIVE INHIBITORS OF THE CphA METALLO-␤-LACTAMASE Table 2 . When a residual activity is below 50%, the compound is considered an inhibitor. Only inhibitors demonstrating such values will produce K i values low enough to be considered significant. 2,6-PDCA (dipicolinic acid) is a known zinc chelator which has been used in the identification (28) and characterization (15, 30) of metalloenzymes, including the class B ␤-lactamases. The strong zinc chelation ability of 2,6-PDCA is consistent with the large increase in activity seen upon the addition of excess (100 M) ZnCl 2 to the IMP-1 assay in the presence of 2,6-PDCA. It seems likely that in the absence of excess zinc, 2,6-PDCA chelates zinc so strongly that it depletes zinc from the enzyme, thereby inactivating it. The large disparity between residual activities with and without added zinc as tested on IMP-1 was not seen for any of the other pyridine dicarboxylates. In these cases, the position of the second carboxylic group on the pyridine ring limits the ligand to less potent bidentate metal chelation. However, the compounds are able to bind the active-site zinc, causing enzyme inhibition if space and geometry allow.
With the exception of the inhibition of CphA by 2,4-PDCA, the dicarboxylic compounds showed little inhibitory activity against any of the MBLs. CphA was slightly activated by the presence of some compounds, possibly due to their ability to chelate free zinc which inhibits the enzyme (22). 2-Picolinic acid showed inhibitory activity against all the MBLs tested, to various degrees. The activity was greatest for CphA; this may reflect the relatively tight active site of this enzyme, as highlighted by crystallographic studies (18) . Further investigation of CphA inhibition by 2-picolinic acid and the pyridine dicarboxylates by using the Hanes linearization revealed that they act as competitive inhibitors (Fig. 2 and Table 3 ). The K i values indicate that 2,4-PDCA is the best inhibitor and also the most specific for CphA. 2-Picolinic acid did not show the same selectivity for subclass B2 but showed a greater potency across the other MBLs tested ( Table 2 ). The least effective inhibitor with respect to CphA was 3,4-PDCA (Table 3) , which is the only compound tested that was unable to use the nitrogen present to chelate the zinc bidentately. pH study. The K i values increased for both 2-picolinic acid and 2,4-PDCA in the mixed buffer at pH 7 with respect to those determined for sodium cacodylate at pH 7. This effect was more pronounced for 2-picolinic acid, bearing one carboxylate group, as its K i value is increased approximately eightfold when the buffer concentration is increased seven times whereas 2,4-PDCA shows a fourfold increase only. The differences in K i values may be due to a shielding effect on the electrostatic interactions between Zn(II) and the inhibitors (5). The K i values for 2-picolinate and 2,4-PDCA were also determined at (5), thus decreasing the attraction of the inhibitor to the enzyme's active site. Unfortunately, it was not possible to obtain K i values at pH 6 and below. When the enzyme was diluted in pH 6 buffer at 4°C, the triplicate points showed that a significant decrease in activity occurred for each subsequent point. This was tested over a longer period of time and showed that the enzyme was unstable at pH 6 (data not shown). To counter the problem of instability, the enzyme was kept at pH 7 and added to the reaction mix, which was at pH 6. However, the initial rate produced was not linear at any time, so the activity was not found. The relationship between pH and pK i (Fig. 3) seems to be linear and interestingly affects 2,4-PDCA and 2-picolinic acid to the same extent, as highlighted by the parallel nature of the graphs. Table 5 shows the K m and k cat values of CphA with imipenem in the pH range 7 to 10. The catalytic efficiency of the enzyme (k cat /K m ) decreased with increasing pH values across the entire range. At pH 10, the stability of imipenem was such that the rate of spontaneous hydrolysis was so high that the individual k cat and K m values were unreliable and only the value of k cat /K m was considered accurate. The decrease in the catalytic efficiency is explained by the fact that the decrease in k cat is more pronounced than the concomitant decrease in K m . It is not known how the shielding effect discussed previously affects the constants that make up the K m value; hence, it is able to decrease while the pH increases.
CphA N116H-N220G double mutant. K i values for 2-picolinate and 2,4-PDCA were also measured with the CphA N116H-N220G double mutant (Table 3) , which displays some subgroup B1 characteristics, including the binding of two zinc ions without the inhibition of catalysis. The N116H-N220G mutant was inhibited by both 2-picolinic acid and 2,4-PDCA, as was the wild type. However, the mutations, which broaden the substrate profile of CphA, reversed the potency of the two inhibitors so that the mutant behaved as B1 (and B3) enzymes, which are more inhibited by 2-picolinic acid than by 2,4-PDCA.
The K i values for the dizinc species of the N116H-N220G mutant with 2,4-PDCA cannot be compared with those for the monozinc species, as the experiments were performed under different conditions. However, the result is interesting since it suggests that 2,4-PDCA is specific for CphA rather than for a monozinc enzyme. A different inhibitory profile was observed for 2-picolinic acid. It was unable to inhibit the dizinc form of the N116H-N220G mutant, showing no inhibition until the inhibitor concentration was above the zinc concentration. Above a concentration of 100 M, inhibition occurred with 2-picolinic acid but it was not competitive, as the Hanes linearization graphs were not parallel (data not shown), suggesting that a mix of mono-and dizinc forms were produced and that the decrease in activity observed with the substrate cefotaxime was due to the decrease in activity which occurs upon the removal of a zinc ion from the dizinc form. At similar zinc concentrations, when imipenem was used as the substrate, an increase in the rate of hydrolysis was seen. Again, this suggests that the monozinc form is being produced since the hydrolysis of imipenem is inhibited upon the binding of a second zinc form (2).
2,4-PDCA-CphA complex structure. To investigate the structural basis of the inhibition of CphA by 2,4-PDCA, crystals of the inhibitor complexed to the CphA enzyme were produced. The refined CphA-Zn(II)-2,4-PDCA complex structure comprises 227 protein residues, 1 zinc ion, 1 2,4-PDCA, 3 glycerols, and 194 water molecules ( Table 1 ). The protein structure of CphA in the complex is very close to that of the wild-type protein (18) , with a root mean square deviation between the 227 C␣ atoms of 0.15 Å. Superposition of the two structures shows that the binding of the inhibitor leads to the movement of the Gly232-Asn233 loop located at the active site entrance so that it encloses the active site (Fig. 4) .
The structure of the CphA-Zn(II)-2,4-PDCA complex shows that the 2,4-PDCA inhibitor binds to the catalytic zinc ion, acts as an NO-chelating ligand, and interacts with the enzyme active site with both electrostatic and hydrophobic contacts (Fig. 4) . The zinc ion is coordinated to five ligands: a triad of residues, Asp120-Cys221-His263, the 2,4-PDCA pyridyl nitrogen (N-1), and one oxygen of the carboxylate group in position 2 (O-22). The refined Zn-to-N-1 and Zn-to-O-22 distances are 2.2 and 2.3 Å, respectively. The zinc-bound 2-carboxylate group is in a position to form hydrogen bonds with the side chain of Lys224 and the Asn233 backbone nitrogen and is coplanar with the pyridine ring. In contrast, the 4-carboxylate group is slightly out of plane [ (C-3-C-4-C-41-O-42) ϭ 23.6°] (Fig. 5 ). The distance of 3.7 Å between Val67 CG2 and the carboxylate oxygen (O-42) may explain the slight rotation. In addition to the four strong electrostatic interactions described above, three hydrophobic contacts contribute to the stabilization of the inhibitor in the active site: (i) Asn233 CB and C-3 (3.7 Å), (ii) Trp87 CH2 and C-5 and C-6 (3.7 Å for both), and (iii) Val67 CG2 and C-41 (3.9 Å). (The carboxylic acids' carbon atoms are numbered 21 and 41.)
The positions of the groups on the 2,4-PDCA pyridine ring may explain its specificity for CphA. The electron-withdrawing effect of a second carboxylate group in position 4 may lower the chelation strength but does not cause a decrease in K i , probably because of the hydrophobic interaction between the carboxylate group and the Val67 residue. Additionally, the 4-carboxylate group points towards the solvent, interacting with a network of water molecules (not shown). This may (i) reduce the energy of desolvation required for the transfer of 2,4-PDCA from the aqueous buffer to the CphA-Zn(II) active site and therefore contribute to the potency of the inhibitor and (ii) participate in the overall stabilization of the CphAZn(II)-2,4-PDCA complex by additional enzyme/ligand interactions through hydrogen bonding via water molecules.
Finally, 2-picolinic acid and 2,4-PDCA have similar K i values (Table 3) , 5.7 and 4.3 M, respectively. Both molecules bear the same pyridyl nitrogen and C-2 carboxylate functions, which may be involved in the same four strong electrostatic interactions described above. Moreover, superimposition of 2,3-PDCA and 2,5-PDCA with 2,4-PDCA in the CphA-Zn(II)-2,4-PDCA complex structure shows that Asn233 and Trp87 hinder the binding of 2,3-PDCA and 2,5-PDCA, respectively, consistent with their respective K i values (420 and 200 M) ( Table 3) . Based on the CphA-Zn(II)-2,4-PDCA complex structure, derivatization of the 2-picolinic acid molecule at the C-4 position to improve inhibition can be envisaged. MBLs of subclasses B1 and B3 are able to undergo dynamic conformational changes upon substrate binding, i.e., in order to accommodate the hydrophobic side chain of penicillins or potent inhibitors (8); therefore, derivatizations at the picolinic acid C-5 and C-6 positions also cannot be ruled out.
The comparison of the CphA-Zn(II)-2,4-PDCA complex structure with that of the reported CphA-Zn(II)-hydrolyzed biapenem complex (Protein Data Bank code 1X8I) (18) reveals two interesting analogies: (i) a similar Gly232-Asn233 loop closure upon binding of 2,4-PDCA and hydrolyzed biapenem and (ii) analogous positions for the zinc-bound N-1 and 2-carboxylate group of 2,4-PDCA and for the zinc-bound N-4 and 3-carboxylate group of hydrolyzed biapenem.
Conclusion. Although the compounds analyzed in this study do not give inhibition constants low enough for medicinal studies, they may provide the basis for a new template for MBL inhibition. Previous inhibition studies of MBLs have identified many thiol-containing inhibitors that are generally less potent against subgroup B2 than against B1 and B3 (21, 34, 40) . In this study, a different chelating group has been found, forming part of commercially available compounds. 2,4-PDCA is currently being investigated as an inhibitor of Fe(II)-dependent oxygenases involved in collagen biosynthesis and transcriptional regulation (10, 20, 38, 41) . 2-Picolinic acid is the body's natural zinc chelator that helps zinc absorption (12, 13) . It has already been tested as a dietary supplement and is currently used in salt form with chromium as a muscle enhancer (14, 37, 43) . The lower K i values for these two compounds identified them as the most potent inhibitors, and the reasons for their success rather than for any of the other pyridine carboxylate compounds were found by examining the crystal structure of the CphA-Zn(II)-2,4-PDCA complex. The tightly packed active site also suggested that interactions occurring here might not occur in the more open and flexible B1 and B3 enzymes, explaining the specificity for subclass B2. The inhibition of both the monoand dizinc forms of the N116H-N220G mutant by 2,4-PDCA showed that, of the compounds tested in this study, this inhibitor is not only the most successful but also the most specific to CphA. Therefore, derivatives of pyridine carboxylate compounds, and in particular 2,4-PDCA, would seem to be useful starting points for the development of more-complex, selective, nontoxic inhibitors of the metallo-␤-lactamases of subclass B2.
